INTRODUCTION 46
Feeding in many starfish species, including the common European starfish Asterias rubens, 47 involves eversion of the cardiac stomach through a narrow oral opening over the digestible parts 48 of prey. This remarkable feeding mechanism enables starfish to feed on relatively large prey (e.g. 49 mussels) as tissue is partially digested externally and then transported internally to the pyloric 50 caecae, where digestion and absorption is completed. When the soft tissue of prey has been 51 entirely resorbed, the cardiac stomach is retracted back into the central disk region of the starfish 52 body (Anderson, 1954) . 53
Experimental studies on Asterias rubens have revealed that cardiac stomach eversion is 54 triggered by injection of the starfish SALMFamide neuropeptides S1 and S2. Furthermore, 55 consistent with these in vivo effects of SALMFamides, S1 and S2 cause dose-dependent 56 relaxation of cardiac stomach preparations in vitro (Elphick et al., 1995; Elphick et al., 1991; 57 Melarange et al., 1999; Newman et al., 1995a; Newman et al., 1995b) . Thus, neural control of 58 cardiac stomach eversion in starfish appears to be mediated, at least in part, by the release of 59 neuropeptides (SALMFamides) that cause muscle relaxation. We hypothesize, therefore, that a 60 counteracting neuropeptide(s) that causes muscle contraction may mediate neural control of 61 cardiac stomach retraction in starfish. 62
Muscle preparations from the sea cucumber Apostichopus japonicus have been used as 63 bioassays to screen for myoactive neuropeptides in echinoderms (Elphick, 2012; Inoue et al., 64 1999; Iwakoshi et al., 1995; Ohtani et al., 1999) . Two SALMFamide-type neuropeptides were 65 identified as muscle relaxants and the pentapeptide Asn-Gly-Ile-Trp-Tyr-NH 2 (NGIWYamide) 66 was identified as a muscle contractant. Furthermore, subsequent studies have revealed that 67
NGIWYamide also causes contraction of tube foot preparations from the starfish Asterina 68 pectinifera and consistent with this finding NGIWYamide-like immunoreactivity was detected in 69 the starfish nervous system (Saha et al., 2006) . However, the molecular identity of 70
NGIWYamide-like peptide(s) in Asterina pectinifera or in other starfish species has been not 71
determined. 72
Facilitated by genome sequencing (Burke et al., 2006; Sodergren et al., 2006) , an 73
NGIWYamide-like neuropeptide was recently identified in the sea urchin Strongylocentrotus 74 purpuratus. The sea urchin peptide has the amino acid sequence Asn-Gly-Phe-Phe-Phe-NH 2 75 (NGFFFamide) and, consistent with the myoactivity of NGIWYamide, NGFFFamide causes 76 contraction of tube foot and oesophagus preparations from the sea urchin Echinus esculentus 77 (Elphick and Rowe, 2009 ). An interesting feature of the precursor protein that NGFFFamide is 78 derived from is that it contains a neurophysin domain, a polypeptide hitherto thought to be 79 uniquely associated with precursors of vasopressin/oxytocin-type neuropeptides and that is 80 required for biosynthesis of these neuropeptides (De Bree, 2000; De Bree and Burbach, 1998) . 81
Furthermore, NGFFFamide belongs to a family of neuropeptides in deuterostomian invertebrates 82 that have an Asn-Gly motif ("NG peptides") and that are typically derived from neurophysin-83 containing precursors (Elphick, 2010) . These include NGFYNamide and NGFWNamide in the 84
hemichordate Saccoglossus kowalevskii and SFRNGVamide in the cephalochordate 85
Branchiostoma floridae. Interestingly, however, the prototype of the NG peptide family -the sea 86 cucumber neuropeptide NGIWYamide -is derived from a precursor protein that lacks a 87 neurophysin domain (Elphick, 2012) . 88
The discovery and functional characterisation of the NG peptide family in echinoderms 89 and other deuterostomian invertebrates provided a rationale for investigation of NG peptides as 90 potential regulators of cardiac stomach retraction in starfish. To address this issue, we tested the 91 effects of the sea urchin neuropeptide NGFFFamide on in vitro cardiac stomach preparations 92 from the starfish Asterias rubens and found that it causes contraction (R. Melarange & M.R. 93 Elphick, unpublished data). Thus, the aim of this study was to determine the molecular identity of 94 the NG peptide(s) in the starfish Asterias rubens and to investigate a potential physiological role 95 in regulation of cardiac stomach retraction. 96
MATERIAL AND METHODS 97 98

Animals and chemicals 99
Starfish (Asterias rubens) were collected at low tide from the Thanet coast (Kent, UK) and 100 transported to Queen Mary, University of London, where they were maintained in a seawater 101 aquarium at approximately 11°C and fed with mussels (Mytilus edulis). (Li et al., 2008) . Contigs were assembled from reads with an 112 overlap greater than 31 bp, which were then mapped back to the raw reads. The 326,816 contigs 113 generated (with 16,316 over 1000 bp) were then set up for BLAST analysis using 114 SequenceServer (http://www.sequenceserver.com/), which is freely available to academic users 115 (Priyam et al., in prep) . 116 117
NanoLC-ESI-MS/MS mass spectrometry 118
Radial nerve cords were dissected from five specimens of Asterias rubens using a method 119 described previously (Chaet, 1964) and neuropeptides were extracted in 1 ml 80% acetone on ice 120 (Elphick et al., 1991) . After removal of the acetone by evaporation using nitrogen, the aqueous 121 fraction was centrifuged (13,000 rpm in MiniSpin ® (Eppendorf) centrifuge) for 10 min and the 122 supernatant frozen at -80°C. The acetone extract was thawed and filtered through a 0. 
In vitro pharmacology 146
Cardiac stomachs were dissected from specimens of Asterias rubens and set up in a 20 ml organ 147 bath as described previously (Elphick et al., 1995; Melarange et al., 1999) . Cardiac stomach 148 contraction was recorded using an isotonic transducer (Harvard, Edenbridge, Kent, UK; 0.5 g 149 load) linked to a Goerz SE 120 chart recorder (Recorderlab, Sutton, Surrey, UK). Stock solutions 150 of synthetic neuropeptides tested were prepared in distilled water and added to the organ bath to 151 achieve final concentrations ranging from 30 pM to 1 µM. 152
153
In vivo pharmacology 154
Ten specimens of Asterias rubens, which had been withheld from a food supply for one week, 155
were placed in a glass tank containing 2% magnesium chloride (MgCl 2 ) dissolved in seawater, 156 which acts as a muscle relaxant in marine invertebrates (Mayer, 1909) and the resulting deconvoluted, singly charged, monoisotopic spectra were compared, confirming 193 the presence of NGFFYamide in the radial nerve cord extract (Fig. 2 and Fig. S1 ). to 1 µM, with maximal efficacy at 100 nM (Fig. 3A,B) . The sea urchin NG peptide NGFFFamide 199 also caused dose-dependent contraction of cardiac stomach preparations but with lower efficacy 200 and potency than NGFFYamide (Fig. 3A) . 
Discovery of NGFFYamide, a novel neurophysin-associated NG peptide in starfish 223
We report here the discovery of NGFFYamide, a neuropeptide in the starfish Asterias rubens. 224
NGFFYamide is a novel member of a family of "NG peptides" that have been identified in 225 deuterostomes (Elphick, 2010). The NGFFYamide precursor contains an N-terminal signal 226 peptide, two copies of the sequence NGFFYG in tandem flanked by dibasic cleavage sites (KR) 227 and a C-terminal neurophysin domain (Fig. 1) Branchiostoma floridae (M.R. Elphick, unpublished observations; (Mirabeau and Joly, 2013; 251 Putnam et al., 2008) ). Because the neurophysin domain is required for biosynthesis of 252 vasopressin/oxytocin-type neuropeptides (De Bree, 2000; De Bree and Burbach, 1998) , the 253 conservation of this domain in the NGFFYamide precursor and the majority of other identified 254 NG peptide precursors suggests that neurophysin may be similarly required for biosynthesis of 255 these neuropeptides. However, the absence of a neurophysin domain in the sea cucumber 256
NGIWYamide precursor suggests that the neurophysin domain is dispensable. 257
Precursor proteins comprising NG peptides with a neurophysin domain have not been 258 discovered in vertebrates. However, the NG peptide precursor in the cephalochordate 259
Branchiostoma floridae comprises two copies of a putative neuropeptide (SFRNGVamide) that is 260 identical to the N-terminal region of neuropeptide S (Fig. 5A) , an anxiolytic neuropeptide in 261 mammals and other vertebrates (Elphick, 2010; Xu et al., 2004) . This suggests a common 262 evolutionary ancestry of neuropeptide S precursors found in vertebrates and NG peptide 263 precursors in deuterostomian invertebrates. Furthermore, the absence of a neurophysin domain in 264 neuropeptide S precursors (Fig. 5B ) may be further evidence that neurophysins are dispensable 265 for biosynthesis of NG peptide-type neuropeptides. In conclusion, it remains unclear why the 266 neurophysin domain has been lost in some NG peptide type precursors and retained in others. Analysis of the in vitro pharmacological effects of NGFFYamide revealed that it causes dose-273 dependent contraction of starfish cardiac stomach preparations at concentrations ranging from 30 274 pM to 1 µM, with a maximal efficacy at 100 nM. The sea urchin NG peptide NGFFFamide also 275 causes dose-dependent contraction of cardiac stomach preparations but with lower efficacy and 276 potency than NGFFYamide (Fig. 3) . Interestingly, the difference in the potency and efficacy of 277
NGFFYamide and NGFFFamide can be attributed to a single hydroxyl group (OH), which is 278 present on the C-terminal tyrosine (Y) residue in NGFFYamide but not on the C-terminal 279 phenylalanine (F) residue in NGFFFamide. Therefore, this OH group is probably important for 280 activation of the as yet unidentified NGFFYamide receptor(s). 281
Importantly, analysis of the in vivo pharmacological effects of NGFFYamide revealed 282 that it triggers retraction of the everted cardiac stomach in Asterias rubens (Fig. 4) . Accordingly, 283 endogenous release of NGFFYamide may mediate neural control of cardiac stomach retraction in 284 starfish. This is of interest because it provides a new insight on physiological mechanisms 285 underlying the unusual feeding behaviour of starfish. Thus, cardiac stomach eversion and 286 retraction that occurs during feeding in starfish appears to be controlled by counteracting 287 neuropeptide systems, with SALMFamide neuropeptides triggering stomach eversion (Melarange 288 et al., 1999) and NGFFYamide triggering stomach retraction. Previous studies have revealed that 289 the SALMFamides S1 and S2 are synthesized by neurons intrinsic to the cardiac stomach 290 (Newman et al., 1995a; Newman et al., 1995b) and therefore it will be of interest to determine if 291
NGFFYamide-expressing neurons are similarly located in the cardiac stomach. Additionally, 292 identification of receptors that mediate the effects of NGFFYamide and SALMFamides would 293 facilitate investigation of the mechanisms by which these peptides exert their counteracting 294 effects on the cardiac stomach in starfish. 295
It is noteworthy that NGGFYamide is much more potent than the SALMFamides S1 and 296 S2, both in vitro and in vivo. Thus, the maximal contracting effect of NGFFYamide in vitro was 297 observed at 100 nM (this study), whilst at this concentration the relaxing effect of S1 or S2 was, 298 respectively, only ~25% and ~50% of the effect at the highest concentration tested (10 µM) 299 (Melarange et al., 1999) . Accordingly, 100 µl of 1 mM S1 or S2 induced stomach eversion in 300 vivo within a period of up to 30 min (Melarange et al., 1999) , whilst stomach retraction within a 301 period of up to 4 min was triggered by only 10 µl of 100 nM NGFYYamide (this study). 302
However, these apparent differences in potency may not be physiologically relevant. Recently, it 303 was discovered that in the starfish Patiria miniata S1 and an S2-like peptide are derived from 304 precursor proteins that comprise fourteen other putative SALMFamides (Elphick et al., 2013) . 305
Likewise, we have identified neural transcripts encoding the S1 and S2 precursors in Asterias 306 rubens and have found that the S1 precursor contains six other putative SALMFamides and the 307 S2 precursor contains seven other putative SALMFamides (D.C. Semmens, M.R. Pancholi and 308 M.R. Elphick, unpublished data). Therefore, for a physiologically relevant comparison to be 309 made it will be necessary to compare the effect of NGFFYamide with the effects of "cocktails" of 310 S1 precursor-derived SALMFamides and/or S2 precursor-derived SALMFamides. 311
Discovery of neuropeptides that trigger cardiac stomach eversion or retraction in starfish 312 is of interest from economic and environmental perspectives. The feeding behaviour of starfish 313 species such as Asterias rubens has an economic impact due to predation on shellfish that are 314 harvested as foodstuffs (Aguera et al., 2012; Dare, 1982; Dolmer, 1998; Magnesen and 315 Redmond, 2012) . Furthermore, other starfish species such as the crown-of-thorns starfish 316
Acanthaster planci feed on reef-building corals and periodic increases in the population density 317 of this species causes massive destruction of Pacific reef tracts (De'ath et al., 2012; Kayal et al., 318 2012; Timmers et al., 2012 
